Tensile and compressive solid-solution thin films based on LaAlO 3 and CaZrO 3 compositions were grown on perovskite oxide substrates using pulsed laser deposition to study growth mode transitions and strain relaxation. A buried layer of SrRuO 3 between the thin film and the SrTiO 3 substrate was also introduced to provide an auxiliary embedded strain gauge, which helps identify the critical conditions for the onset of catastrophic strain relaxation events -cracking and dislocation cascades. The results are compared with theoretical predictions to provide guidelines on some general deposition conditions that may be used to obtain smooth, crystalline and defect-free thin films of interest to perovskite-based heterostructures. Tensile and compressive solid-solution thin films based on LaAlO 3 and CaZrO 3 compositions were grown on perovskite oxide 9 substrates using pulsed laser deposition to study growth mode transitions and strain relaxation. A buried layer of SrRuO 3 between 10 the thin film and the SrTiO 3 substrate was also introduced to provide an auxiliary embedded strain gauge, which helps identify the critical 11 conditions for the onset of catastrophic strain relaxation events -cracking and dislocation cascades. The results are compared with 12 theoretical predictions to provide guidelines on some general deposition conditions that may be used to obtain smooth, crystalline 13 and defect-free thin films of interest to perovskite-based heterostructures. 
Introduction

18
Oxide thin film devices such as dielectrics, ferroelectrics, 19 magnetics and resistance memories typically contain at least 20 one functionally active layer resting on a bottom electrode 21 layer, which is in turn supported on a substrate [1] . In these 22 multilayer heterostructures, it is important to maintain flat- 23 ness in every layer. To achieve this, catastrophic strain relax- 24 ation events such as cracking [2] [3] [4] [5] [6] or threading dislocation 25 cascades [7-12] must be avoided. Of considerable interest 26 among oxide devices are those built upon an ABO 3 perov- 27 skite platform since perovskite members, regardless of their 28 myriad of functional properties, share a common crystal 29 structure with similar lattice parameters. This led us to inves- The goal is to characterize and compare their relaxation 35 behaviors and, in so doing, identify favorable conditions 36 for growing atomically flat overlayers. 37 Since oxide processing typically involves high tempera- 
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Theoretically, the critical condition for crack formation 62 is expressed in terms of critical strain energy which scales 63 with the film thickness and the in-plane strain [14] . wise, the critical condition for cross-hatch formation is 65 expressed in terms of critical glide force (on dislocation), 66 which also scales with the thickness and strain [15] (pseudocubic a = 0.3830 nm) [19] to reach an estimated ten-87 sile mismatch of 2.79%; this composition will be referred to 88 as LAO. Likewise, we used a solid solution of 94.5 at.% 89 CaZrO 3 and 5.5 at.% SrRuO 3 (pseudocubic a = 0.3930 90 nm) [20] to reach an estimated compressive mismatch of 91 2.57%; this composition will be referred to as CZO.
92
The substrate was prepared using a variation of the 93 standard technique [21, 22] (Fig. 5a inset) , the film already grew in the layer-by-layer 245 mode. In contrast, the surface morphologies of films depos-246 ited under 100 mTorr oxygen are shown in Fig. 5e and f, 247 which follow a similar evolution but the island sizes are 248 much larger at a comparable overlayer thickness (cf. Fig.   249 5c and e). Once the thickness reaches 6 ML ( Fig. 5d We determined the critical thickness for cross-hatching 294 using a set of CZO overlayers deposited at 650°C under Fig. 9 relaxation [29, 30] . Using the strain data of 
